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Pr t in Disulfide Ispm rase 

A MULTIFUNCTIONAL PROTEIN RESIDENT IN 
THE LUMEN OP THE ENDOPLASMIC 
RETICULUM* 

Robert Noiva| and William J. Lennarz(1I ' 

From the tDepartment of Biochemistry and Molecular 
Biology, University of South Dakota, VermiUion^ Sduth 
Dakota 57069 and the ^Department of Biochemiairy and 
Cell Biology, State University of New York, 
Stony Brook, New York 11794-5215 

The endoplasmic reticulum (ER)' servea as a key junction 
between the site of initiation of translation of membrane and 
secretory proteins in the cytoplasm and the routing of these 
proteins through the endomembrane system. However, it is not 
merely a junction, for in addition to components associated wi.h 
the routing of nascent polypeptida chains through the membrane 
of the ER, such as the signal recognition particle receptor and 
the signal peptidase, the endoplasmic reticuliun contains a host 
gi proteins invcived in cc and vrst-translationHi Ts^o6ific9t\«>m 
of these newly synthesized polypeptides. One subset of this iiroiq) 
of proteins resides in the lumen of the endoplsu^mic reticulum. 
The most abundant members of ;,his subset are. ^the gliicose- 

^ regulated proteins, GRP-78 (now more commonly known as BiP), 
GRP 94, and protein disulfide isomerase. PDI . (EC 5.3.4.1): 'This 

; minireview will focus on PDL ; ^ 

PDI was so named because it catalyzes the in vitro isomeriza- . 
tion of intramolecular flisulfide bridges. It exhibits abroad'spec- 
ificity and has been used to catalyze the in vUro jfolding of a 
variety of proteins. Anfinsen and co-workers (!) first isolated the 
enzyme from liyer almost 30 years ago, and it is now dear that 
the enzyme is present in many organs or tissues (2) and that, its 
primary structure is highly copnerved between species. PDI is an 
abundant protein (6.4% of total cellular protein (3)), and its 

.concentration in the iumen of the ER may approach millimolar 
levels. Several reviews have appeared recently detailing various 
aspecta^of PDI (4-6), and therefore we will focus on the novel 
propertie? of PDI that have been the subject of riecent papers. 

PDIIsaMulHfuneHonalPnteih^ 

^ PDI is also the |9-subunit of prolyl hydroxylase . (EC 1.14.11.2 
(7, 8)): Prolyl hydroxylase catalyzes the post-translatibhal hy- 
dfoxylatiea of -pepti^ -proline jesidne? of 
procollagen. The nascent procollagen peptide, a-ketpglutarate, 
and molecular O2 are substrates for the reaction, and ascorbic 
acid and Fe** are required cofactors (for review see Ref. 9). 

Prolyl hydroxylase is a heterotetramer composed of two or and 
two /8-subunits The /?-subunit (PDI) is found in gr ^ter abun- 
dance than the a-subunit and also exists alone as a homodimer. 
The site of binding of the pro-a chains of procollagen is the a- 
subunit of the enzyme. Because prolyl hydrosj'lase in Chlamydo- 
monas reinhwrdtii does not contain a i9-subunit (10); it is possible 
that the i^-subunit may not play any direct role in the catalytic 
mechanism of prolyl faydroxylation. In this context, it is of 
interest that Wells et oL ill) have demonstrate that the fi- 
subunit contains dehydroascorbate reductase activity^ Since as- 
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cofbic acid is a cofactor in the hydroxylati n reaction, it Tiay be 
that the ^-subunit (PDI) merely ftmctioiis to generate ne f the 
required cofactors. It will be interesting to detennine if PDI play? 
a similar role in relation to other enzymes requiring ascorbic acid. 

PDI has several other unusual properties. Cheng et oL (12) 
identified by affinity labeling a 3^',6-triiodothyronine bindinc 
protein (THBP) located in the lumen of the ER and the nucl^ 
envelope that was later shown 1^ sequence analysis to be PDI 
(13). No data relating the th>Toid hormone binding affinity f 
PDI to any physiological function have been presented; it has 
been suggepted that this activity may relate to effects of thyiX>xine 
other than its role in the regulation of transcription (13). 

We hav. iemunstrated that PDI has the ability to be specifi- 
cally covalently labeled by simple tri- or tetrapeptides containing 
a photoreactive benzoylazido group. Because initially the peptide 
binding activity of PDI had been idlentified by using a tripeptide 
hat served as an acceptor foi- 7V-glycosyliation (14), we speculated 
that this peptide binding activity was associated with oligosac- 
charyl transferase activity. However, recent evidence su^esto 
that PDI is not required for the transfer of oligosaccharide chains 
from bligosaccharyl pyrophosphbryldolichbl to mtber bascent 
polypeptide chains (15) or to acceptor peptides (16). In feci, the 
peptide binding function of PDI is hot limited to pei^ 
rnntaining the N-glycosylatioh site acceptor, s^uence and t&b 
unly i«aspn for the apparent jpreferenice for ^yco^ylatable pep- 
tides was that as a remilt of their ^ycc^htidn they becun 
concentrated in the lumen (17). Although the biologic^ hmction 
of the peptide binding activity is unknown^ the l(M^d6n PDI 
in the lumen of the ER^uggesto that' pei:»tide binding relflec^ 
involvement of this molecule in protein folding. Another lutein 
in the lumen of the ER, BiP, also binds proteins and pep^des: 
Protein binding by BiP is abolished in thb presehre of ATP (18); 
The effect of ATP on protein binding by BiP appears W be diie 
to ah ATPase-depend?nt mechanism for dissociation of pej^deb 
from BiP (19), Our preliminary results^ ^ugge^^ that the iirterac- 
tion of PDl with peptides does not exhibit a similar ATt^ase- 
depehdent rejease mechanism.' ' ' v ^» • 

If the peptide bindinjg function of PDI is associated With its 
activity as a disulfide isomerase it would be expected to e^bit 
two characteristics. First, the. binding should be enhancea for 
peptides containing cysteine and; second, binding shotild^ lack 
specificity with respect to other amino acid residues, giVen the 
variability of spquence in the regions aoKacent to disulfide bonds 
and the diversity of proteins that can serve ais substrates: Moijana 
arid Gilbert (20) have recently shown that peptides, of various : 
lengths and sequence all acted as competitive inhibitors- of PDI 
activity. Increasing the length of the peptide decreased the:K,; 
-buggestitig that-i^l preferentially binds ion^er i^ as.sMn- - 
strates and that a large portion of the p^tide Imckbone interacts 
with PDI. The findings that I) Cys -containing peptides; bind 4- 
8-fold tighter than peptides of the same length lacking Cys and 
2) performic acid oxidation of Cys-contaihing peptides increased 
the Ki by drfold bo^ indicate some specificity for Cys residues. 
No other correlation of inhibitory activity was found with charge, 
hydrophobicity, or sequence of the peptide, suggesting that PDI 
principally recognizes only the peptide backbune oiid recognition 
of the R groups of the individual amino arid residues is limited 
to the Cys. side chain. This broad substrate specificity for the. 
polypeptide backbone, while unusual, would appear to be required 
for an enzyme . f this type and also may explain why PDI may 
act as a subunit in other enzyme complexes in which recognition 
of the liascent polypeptide chain is required. 

Further svqsport for the idea that PDI binds polypeptides comes 
from a recent comparison of the effects of synthetic substrates 
on prolyl hydroxylase. The ability of polyproline to inhibit 

' R. Noiva and W, J. Lennarz. unpublished studies. 



3553 



3554 




MifUreview: Protein Disu^ide Isomerase 



sitM aad other key featuiM dtacuased to the twt TOX, tWofedoKin; 

chicken prolyl hydroxylase incieased with increased length of the 
peptide sutetrate, indicating the longer polypeptide was a better 
substrate. However, no such chain length effect was noted When 
the prolyl hydroxylase from CranhardtUwas uaed (21). Because 
89 noted above, prolyl hydroxylase isolated from C remhardtii 
does not contain a jS-subunit (PDI) (10), whereas chicken prolyl 
hydroxylase does, It seems possible, that the PDI 'subunit, in 
addition to fiinctloning as dehydropscorbate radtict^e; enhances 
recognition of the polypeptide substrate. 

Purification of other microsomal enzymatic activities has also 
yielded preparations containing PDI. Recently this protein was 
, found ^ be_a component of a complex that catalyzes the transfer 
of triglyceride and cholesteryl ester between membriiies (22). 
The role of PDI in this complex is unknown. PDI has also been 
' ^XiT ^ ^ iodothyronine 6-monodeiodlnase activity 
; (2 V 24). Becausn of the earlier identification of the thyroxifae 
. binding activity of PDI (13), this initially wis an attractive 
hyprtheswi However, recent evidence suggests that the clone was 
■ mi^ntified. Instead it appears that ai" microsomal membrane 
prrtein, rather than lumenal PDI,is the.monodeiodinase (26). 
When PDI was first found to exhibit multiple activities in i 
, BingiB epecies, it became important to resolve the question of 
whettor It was ^actually a single .multifunctional protein or^a 
famity of highty homologous proteins, each pbssesaing a differerit 
loo !w i*' first evidence strongly suggesting a single protein 
was_ that Southern analyses of human genomic DNA using a 
- probe conrtnicted from the cDNA encodingtHe human /S-subiinit 
""^X PDI. indicated the presence of a single 

,gene<8). The absence of other cxoss-hybridizihg genes indicated 
that the gene encoding for /S-subiaiit of prolyl hydrbxylase was 
; not one of a fimuly of genes encoding closely related proteins' 
f,«5T^?i^:.'!'* ^'IS'l*''"*^^^ purified from a single souroe 
^ Ini Mu— «c«vity &id peptide . binding fimctibh 

<and ^t these could not be separated by a varied of chromato- 
fi;^'*l^"«**^: «^<«e'«e indiciting identity of PDI 

li^l Tf obtained by transforming either Rc/icnc/iid coli 
with human THBP cDNA and determining 
tnot the transformed ceUs now expressed both THBP and pebtiae 
bining activiiy (26) These nssnhi, indiwt^d that indeed h^man 
f "°r »«o possessed the peptide bindingactiWty of PDi. - -A 



"jatfon "t'^than isomerization of disulfide bridges. 

Munne ERpTO. another protein resident in the lumen f the 
ER, contams three of the thi redoxin-iito sequences. ERp72 
canwins extensive sequence similarities in the regiom, containing 
the PDI active sites, has a putative retention sequence (-KEEL) 
!?»lf!!.^*^Vl^*''u?** ^28). N Physiol gical function hii 
pnte" P"te™ «nd. despite the presence of 

PDI active sites. It has not as yet been determined if ERd72 has 
disulfide lepmeraiie activity. Recently it was reported that human 
deoxycytidme kinase contained three thioredoxin-like activeaites 
litt? /S21"« ® identical to that of the murine ERp72 

^J^.ii^^i^'^V'^ti^^^^V'^^y demonstratedthat the 
so-called "kinase" cDNA encodes the human homolog of ERp72 

rather than deoxycytidine kinase (30). 

Two thioredoxih-Uke sequences also appear in another 57:kDi 

1 (31 ), although It .8 troubling that this isoenzyme docs not displa^ 
^uence homology to other sequenced Pi-specific phospholi^ 

Recehtly it has l»en reported that the /J-siibunits of the gona- 
dotropic hormones f<)llitropin and lutrb^in also contain sequehiies " 
rroembUng those of the thioredoxin active sit^s (32). In th^ 
glycoprotein hormones, which are dimers, the a-subunit is hishly 
conserved, whereas the /S-subunil defines the individuality of the 
venous horaiones. However, both hormones were shown to fimc- 
tion very effectively in renaturation otRNi^^ 
more active than thioredoiia. An interesting hypothesis-(32) is 
that upon binding_ to their receptore these pibtiEins, via the actibii' 
pf their thioredoxin-bke active sites, hiight ctitalyze a c6nfoniii 
Uonai change in the receptor that could elicit the signal trkns- : 
auction prMess. In this way these liormoriMwoiild act as disulfii^ 
ispmeraMs in a highly substrate-speiiific fM^ . .. . 



A Variety of Proteins Have Thioredoxin-like 

AetiveSitea ' 

"Thioredoxin is a ubiquitous polypeptide of 
?mino acid residues found m both prokaryotes and eukaryotes. It 
IIUI- .'^ in a variety of redox tactions vuk its active site, which 
cpnsiste of two Cys residues in the sequence, .Trp-Q«-Gly-Pr6- 
cys-Lys-. that can revereibly form an intramolecular disulfide 
^^S^-.^jPOI- .tw* wch thioredoxin-like sequences are found, 
both of whica contain His in ptace of Pro. A diagram of the 
™? thioredoxin-like s^ences. as 

S '"fV"" ''^ ^ Cys residues in Uie^roSn, fa 
1- laterertingly. veiy recently a 21-kDa p^riplasiic 

asingte thi redoxm-hke active site, but with no other significant 
mH^y^'^.^ thioredoxin or PDI, has been i^tified 
(27). Unhke P DI, this protein appears to be involved in the 

'RNoiva and W. J. Leniun, manuscript in preparation. ~ 



iStiirffea on «Ai Aa^ 

Chemical modificiatibn of the Cys ^^^^^ 
inhibits isomerase activity but. only if the disulfide bridges have 
bwn reduced prior to alkylation (33)..Although all six suMhydiylsV 
(s^Eig. 1) can be alkylated in reduced, denatured PDI, Hawktas - 
and Freedman (33) found alkylation of only twoof the sulfhydryla 

With p;f: values of 6.7 led tb.inactivation of the iiiolecuie'i^^^^^^^^ 
data, suggest that two Cys residuesj.perhaps oac in, each of the 
c^eine p^rs in the^^Cy8-Gly-HiB.Cy8- sequences; haw / w 
.pK, indicating greater reactivity .at phyjiibSbgic pH. Ih^tiSn of 
the actiw . site sequences indicates that iii .every case oiie iif the 
Cys residue IS adjacent to a basic amino acid residue; perhaps 

catiomc side chains stabilize the ssilfliydiyl in the anpWiton- . 
ated thiolate' form. • ■.',.•■■■...■■•,>.:;.■,. 

TTie study, of peptides as inhibitors^ 
earlier has yielded a possible kinetic mechanism for the disulfide 
• """""aw reaction (20) involving an ofdeied addition of sub- 
strates^(34) and the formation of a teniiary cbmplex; ratherthaa 
a <loulrte displacement or ping-pong inechanism. In this r^ 
^ 18 of, .mterest tiiat recently a covalent intermetiiate between 
PDI and ribonuclease has been detected during the reasneration 
of native ribonuclease (35); '.. , ' 

Site-directed mutation of either one of the thioredoxiii-like 
active site sequences caused loss of 50% of PDI activity, whereas 
mutation of both caused 100% loss of activity (36). Although this ^ 
result suggests that each thioredoxin-likie active site is indepehcl- 
ently active.. recenUy Hawkins et oi (37) have demonstrated' 
rooperativity between PDI active sites: In order to distinguish 
between active site on interactions within the monomer or in the 
homoAmer. Hawkins et aL (37) examined the spatial relation- 
shiiM between the two active site sulfliydiyls bv chemidal cross- 
linking using oerivatives of the homobifimcUonal cross-linker 
biswdoacetamide. They were able to determine the cross-hnked 
suMbydryls to^ located within different -Cys-Gly-His-Cyr,- sites 
of the some PDI molecule. j «» 

Although thioredoxin has a high degree of sequence similarity 
to PDI m the active site regions (Table I) and thioredoxin 
expresses some PDI activity, this protein is not as efficient as 
PDI in Mtalysing the refolding of inqiroperly f Ided RNase (38) 
As noted above E. eoU thioredoxin contains a Pro instead of a 



His at residue 34 between the active site Cya residues. Krause et 
ai (39) have carried ut site-dixected mutagenesis to convert this 
Pro to His in E. coli thi redoxin. The mutagenized thi redoxin 
had an increased redox potential, resulting in a significant in- 
crease in its ability to serve as a substrate for thioredoxin reduc- 
tase and a decrease in its ability to reduce protein disulfides. It 
will be of interest to determine if the mutagenized thi redoxin 
catalyzes the f Iding f reduced, denatured RNase, as it should 
behave more similar to PDI than to wild type thioredoxin. 

The issue of the catalytic nature of the disulfide isomerase 
reaction, and whether PDI is a bona fide enzyme, has beien raised 
because of its apparent lew activity (40). Creighton et oL (41) 
followed the effects of PDI on the refolding of bovine pancreatic 
trypsin inhibitor and RNase. They determined that PDI was a 
true catalyst m several respects. First, PDI catalyzed the isom- 
erization of many molectiles of substrate per molecule of PDI. 
Second, PDI did not change the intermediates in the folding 
process but did alter the kinetics of their appearance. Finally, it 
w^s noted that PDI increased the kinetics of steps involving both 
disulfide bond reformation and iniuor conformational changes iii 
the polypeptide chains, Thus, PDI does not, alter the pathway of 
foi«iing but simply increases the rate ;bf the overall process, 
indicating PDI does function as an enzyine. 

Little is known about the redox environment of the lumen of 
the ER or even the identity of the major redox pair that presum- 
ably buffers this compartment. Experiments by: Lytes and Gilbert 
(42) have demonstrated the importance of the redox state of the 
entire system in tho disulfide isomera&e reaction^ Changes in the 
concentration of GSH and GSSG resulted in ^changes in both the 
Ppi-catalyzed anil uncatalyzed refolding of reduced, denatured 
RNase. The ratio of the velocity of the reaction catalyzed by PDI 
to the uncatalyzed reaction reached a constant when [GSH]V 
. [GSSGJ.Was >1 mM, indicating that the reduced, dithiol form of : 
PDI is required for catalytic ifctivity; As- noted, by Lyles and r 
Gilbert (42), their, kinetic studies indicating a requirement of a 
dithiol form of PDI for activity are in agreement with chemical 
modification studies (33). Thuis, it is obvious that the redox . 
conditions are important for PDI activity, and it will be of interest 
to compare the redox conditions in the ER with the bptimal redox 
requirements for PDI activity determined with the isolated en- 
zyme. .. ■'■ . ■ ^ "■ , ' . 

. Lyles and Gilbert (43) have also examined whether PD! itself, 
in the absence of any redox pair, might be acting as a redox 
reagent, given that its concentration in this lurneii of the ER liiay 
be equivalent to that of the newly synthesized proteins undergoing 
folding. Their results confirmed that, in the absence of a redox 
buffer, PDI. in stoichiometric quantities is sufficient to bring 
about refolding of RNase. Interestingly;' Pl>I has; been demon- 
.strated to be able to substitute for thioredoxin in NADPH- 
dependent disulfide reduction; reactions (44). PDI was found to 
be a substrate for calf NADPH^dependent thioredoxin reductase 
with a similar Km to E. coli thioredoxin, and was able to reduce 
protein disulfides. Although Lund^trom and Holmgren (44) were 
able to demonstrate that thioredoxin is a stronger reductant than 
PDI, the presence of PDI in a concentration above the Km and , 
its ability to utilize reducing equivalents trom the NADPH- 
dependent thioredoxin reductase to reduce proteiii disulfides sug- 
gest this system may have some physiological importance. The 
above results suggest that PDI could serve a mixed role as both 
ah enzyme sind a donor of redox equivalents. 

Are There Multiple Binding Sites in PDI? 

; Given the apparent multifunctionahty of PDI, the question of 
a single versus multiple binding sites is relevant. One possibility 
is that because the diversity f functions, ascribed to PDI involves 
interactions with proteins or peptides there might be a aingle 
binding site on PDI that recognizes the polypeptide backbone as 
it is translated and translocated, and that th catalytic lesidues 
for the enzymatic functions could exist at separate sites. The 
active site of prolyl hydroxylase has been identified using afGnity 
labeling with a synthetic peptide substrate (45). The results 
indicate that the pro-/v procollagen peptide binding site resides 
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f the enzyme rather than on the j9'Subunit 



on the a-subunit 
(PDI). 

We have attempted to determine whether the peptide binding 
to PDI (17) occurs at the active site of disulfide isomerase. To 
investigate the relati nship f the peptide binding property and 
the disuinde isomerase activity of PDI, we modified the Cys 
residues using the suifhydryl-specific reagents iodoacetic acid or 
N-ethylmaleimide.' Although such treatment completely inhib- 
ited the PDI activity, no inhibitory effect oh peptide binding was 
noted. These results demonstrate that the active site Cys residues 
a^ : not directly involved in peptide binding. 

Tsibris et aL (46) have noted a r^oh in PDI with similarity 
to the estrogen receptor, namely PDI residues 120-163 and 182- 
230 corresponding to estrogen receptor residues 350-392 and 304- 
349 (see Fig. 1). These regions are both contained within the 
steroid binding domain of the receptor (residues 301r^2 (47)), 
suggesting that PDI might have similar steroid binding proper- 
ties. In met, estro^n causes specific noncompetitive inhibition 
of PDI activity and blocks the chemical cross-liiiking of PDI to 
iU substrate (46). However, the observed level of inhibition was 
very low when performed susing purified PDj[ preparations. 
Clearly, at present, the physiological function oif the putative 
estrogen binding site and the relationshqy of this site to the other 
active sites of PDI is unknown. 

What la the Biological Function of PDI? 

It is clear that PDI is a required subunit ot the prolyl bydiox- 
ylas^ thus far described exc^t for that in Ch^ydomonos. 
However, this does not explain why PDI is so abundant in the 
lumen of the ER, and occurs in vast excess of Ute a.-subunit 
Although it seems dear that proteins contain all the information - 
required for proper folding in the s^nce.of ezu^me, PDI may - 
be essential for this process to prppbed at a physiolog^caliy leler 
vant rate. Evidence that PDI does,- in fact, catalyze protein folding 
within the ER comes from studies BuUeid and Freedman (48). 
In their study, dog pancreas microsomes were depleted of tiieir 
lumenal contents, including PDI, and then tested for their ability 
to synthesize, mature,:. native vrgliadin, a plant storage protein.' 
These lumenally depleted microsomes were functiorsal; in trans- , 
lating 7-gliadin and translocating it into the Imnen but were 
unable to properly fold it into its final, stable form. Addison of 
oxidizing equivalents alone, to the lumenally deleted microsomes : 
in the form of GSSG did not re&ftore folding capability, but 
repletion with PDI did. In lig^t of the i^nt; studies by; Ly^^ 
and Gilbert (42, 43) discussed above, it would seem important to 
repeat these repletion e^rim^ts.altering the riedpx composition , 
of the bu^er to ensure that conditions were ppdmal , for nonen- 
zymatic disulfide.bond formation. 
. Recent studies on PDI in Sacchawmycescerevjsm may provide 

. further information concerning the physioiogical fuhction of PDI 

' PDI isolated from yeast ha^ a Mr of 70,000, rather than the 67;000 
noted for other or^ismis (49). The yeast PDI cDNA wiis cloned, 
sequenced, and shown to Lave sequence siiiiilari PDI 
(50); SiibscKiiientiy, Taclukawa et (5l) ciohed and^^s^^ 
the yeast PDI genomic DNA. Iii addition, LaiMahtia et oL (50) 
were able to demonstrate that yeast PDI, ' like rat PDI, biiids 
photpreactivs peptides: Several inutaht^ cnntainiiig gene disrup- 

, tion/deletion mutations in PDI were prepaired and partially char- 
acterized (50). A mutant containing a deleti6h 6f most of the 

.codiiig. region of PDI was iipnviable, indicating PDI plays an 
essential role in folding of newJy syhlhesized proteins. Interest 
ingly, removal of 36 or 174 amino acids from the (XK)H termmus 
resulted in viable yeast mutants whose only phenotype was a 
slower rate of {germination. Site-directed mutations of the yeast 
PDI gpHfl should be extremely useful in stndvihg the mechanism ■ 
of Ppi activity and its biological function. 

SubceUntlar Distribution of PDI 

PDI is a soluble protein located in the lumen of the ER (52) 
and is free of any stable interaction with the microsomal mem- 
brane (53). PDI retention in the ER is mediated through the 
peptide sequence -KDEL (-KDEL in yeasii at the COOH termi- 
nus of PDI [see Fig. 1 ) (54). The mechanism of retention invoK-es 
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recycling of PDI back to the ER from a compaitment located 
between the ER and the Golgi (for review see Pelham (55)). A 
candidate for the -KDEL (-HDEL) receptor, the product of the 
ERD 2 gene, has been identified in Kluyueromyces lactis and S. 
cerevisiae (56, 67). The nature of the interacti n with this receptor 
and its role in the rei^cling process remain to be established. 
However, our data indicating PDI is freely soluble upon mechan- 
ical disruption of micrtisomes (53) are consistent with the idea of 
sorting of lumenal proteins from secretory proteins and reium 
from some salvage compartment, rather than retention in the ER 
by binding to an ER-associated receptor. It was recently noted 
that in tissues that are highly secretory, such as the pancreas, 
PDI containing the -KDEL sequence can be found in secretory 
vesicles, indicating that it has escaped the -KDEL retrieval 
mechanism (58). Similar observations have been made \n another 
highly secretory organ, hen oviduct^ However, this generalization 
about "overloading" may be an oversimplification, since Domer 
€t <d, (59) showed that, although overproduction of ERp72 or PDI 
leads to its secretion, other proteins containing recognition sig- 
nals were not secreted. Clearly, this result cannot be explained 
by postulatmg a common, saturable retention mechanism for all 
lumenal proteinsi-' 

The cell's ability tc recycle PDI to the ER and the apparent 
peptide binding activity of PDI suggests that PDI associate 
with proteins on two levels: with native proteins as siibunits of 
en^atic complexes and with recently synthesized proteins dur- 
ing their processing in the ER In both cases the ability of PDI 
to recycle to the ER could be functionally important. On one 
hand, proteins that do not contain the -KDEL retention sequence 
but ere known to catalyze enzymatic reactions in the ER may be 
retained and may increase their residence time within the ER bv 
virtue of iheir binding to PDI. On the other hand, proteins th^t 
jare newly sjmthesized and have not yet assumed their native 
state may, by binding to PDI, continue to recycle back to the ER 
. ^unUl they have been completely processed. The presence of PDI 
at .levels equivalent to. or greater than, that of . proteins being 
synthesized in the ER and the inducibility of PDI synthesis in 
response to miany factors which induce secretory protein synthesis 
in general would also support this hypothesis. 

Perspective 

While all of the above results provide new insights into th<^ 
properties of PDI. the. fact is that its precise fuiiction remains 
imknpira. Clearly it can reduce "incorrect" disulfide bonds, as in 
^he case^ pj scrambled oxidized RNase, $6 that ultimately the 
correct disulfide bonds in this protein can form. But this 
obviously IS a unique in uUro situation, and the real issue is 
whether it Amctions to undo incorrectly formed disulfide bonds 
''JSS.T* above, experiments indicate that in the absence 

of PDI the native conformation of a plant protein is not achieved. 
But this findmg does not provide direct evidence that PDI fiinc- 
tioM to . remove incbrrec; disulfide bonds by isomerizatibn. In- 
deed, recent work on boviie pancreatic trypsb inhibitor indicates 
that incorrect , disulfide oonds are not present on any of the 
abundtot folding intermediates (60). This observation, which 
contradicte pioneering studies by Creighton and co-workers (s^e 
A^reignion ana Goidenberg (61;;, who foiuid iuteriiiinlJated CoU- 
tammg mcorrect disulfide bonds during trypisin inhibitor folding, 
_rju.ai»o the qi»est?on of the very ezisten^e of such ^^di 
m^wm If, in fart, non-native disulfide bonds do not forai InuUjo, 
what does PDI do? Obviously, we do not yet know, but given the 
recent progress in studying this novel protein, it seems likely that 
a clearer picture of its biological fimction(s) will emerge. 
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